Abstract. The influences of shear rate and vulcanizing system on the rheological properties and melt fracture of natural rubber compounds were investigated by using a rate-controlled capillary rheometer. The rheological properties of rubber compounds were characterized with respect to the apparent viscosity and extrudate swell. The measured results indicated that the apparent viscosity tended to decrease with increasing shear rate. This was due to the pseudoplastic behavior of molten rubber compound. It was evident that rubber compound using EV system showed the lowest apparent viscosity as compared to those obtained by CV and NS systems, respectively. This was due to the occurrences of premature crosslink at the skin layer and the wall slip of rubber compound during the flow in capillary die. Furthermore, the onset of smooth surface was also observed which depending on the types of crosslink at the skin layer.
Introduction
Understanding the rheological properties of molten polymers is vital for manufacturing process design; for example, a design of screw and die, and specifying for optimized process conditions which affect directly to a quality of products. Typically, the properties of a polymer are a combination between the properties of an elastic solid and a viscous fluid. During processing, the viscous nature is dominant characteristics. The elastic, however, is still present and resulting in many phenomena such as extrudate swell, sharkskin, and melt fracture. Research on swelling behavior of rubber compounds influenced by shear rate and molar mass have been of interest [1] [2] . The elastic phenomena can be alleviated by some processing parameters such as processing temperature, shear rates, die designs, and also additives [2] [3] . The surface irregularity of extrudate or surface melt fracture is known as sharkskin which characterized by a series of ridges perpendicular to the flow direction, producing a rough surface varying from a loss of gloss to the texture of sharkskin. This phenomenon has also been identified by several studies, particularly observed in polymer composite systems [4] [5] . Melt fracture or distortion can appear as an irregularly shaped extrudates such as spiraling, bambooing, and random fracture [2] [3] . Melt fracture has been investigated in a number of polymers [6] [7] , more frequently on all types of polyethylenes (PE) [8] and resolved this instability from different points of view [8, [9] [10] . It has been reported that melt fracture phenomena strongly depend on the molecular characteristics of PE such as molecular weight and its distribution and degree of long chain branching. In this work, the effects of shear rate and vulcanizing system on the rheological properties of natural rubber compounds were investigated in terms of their viscosity, swelling ratio and melt distortion by using the ratecontrolled capillary rheometer. Several interesting correlations between the critical conditions for the onset of instability and smooth surface will be discussed.
Experimental
The natural rubber (STR5L) was used in this study. The commercial grade of stearic acid and zinc oxide (ZnO) were mixed into the rubber for 10 min in order to attain a homogeneous mixture. The rubber was then compounded with the amount of sulfur and accelerator on the two-roll mill for about 3 min in accordance with the Non-Sulphur (NS), Conventional and Efficient Vulcanizing systems (CV and EV), as shown in Table 1 . The rheological test was performed with the ratecontrolled capillary rheometer in compliance with ASTM D5099-08. The length-to-diameter (L/D) ratio of a circular die was 15/1.5 mm/mm. The test temperature was set at 90 o C and the shear rate (γ ) were varied from 40 to1250 s -1 . The swelling ratio (B) of the rubber compound was determined by the ratio of the diameter of the extrudate to the die, the extrudate diameter being based on the size of the extrudate diameter in the fully swollen state. A successful validation of this method was performed by means of a high-speed camera, and the details of experimental rig such as high speed data logger and operating control systems can be found in previous work [11] . The results were reported in term the relationship between apparent viscosity and shear rate for the NR compound which can be found in literatures [2] [3] . It should be noted that the Bagley's and Rabinowitch corrections were not applied to the shear stress and shear rate data generated in this work, as these data were only used for the purpose of comparison.
Table. 1 Compound formulations used in this study

Results and discussions
The effect vulcanizing system on the apparent viscosity of rubber compounds at the test temperature of 90 o C is shown in Fig. 1a . Generally, it was evident that all the rubber compounds exhibited a pseudoplastic non-Newtonian behavior in that the apparent viscosity dramatically decreased with the increase of shear rate from 40 to 500 s -1 . Further increasing shear rate from 500 to 1250 s -1 did not cause any significant change in the viscosity of rubber compound. Considering the changes in apparent viscosity of rubber compound using different curing systems, one would expect to obtain the similar (or virtually the same) in viscosity, since the test temperature of 90 o C was much lower than the curing temperature of rubber compound. However, from the results obtained in this work, it was evident that the viscosity at a given shear rate of rubber compound using EV system was lowest as compared to the highest of NS system. This was probably attributed to the shear heating during the flow in the capillary die, especially at the die wall, which can led to the occurrence of premature crosslinking at the skin layer of rubber extrudate using EV. The increasing viscosity of rubber compound at the skin layer, caused by premature crosslinking, can resulted in the wall slip phenomenon of rubber extrudate as schematically illustrated in Fig. 1b . -1 ) of all the cases, slight irregularities can be observed on the surface of rubber extrudate. Further increasing the shear rate from 100 to 1250 s -1 , perfectly smooth surface of extrudate was observed in the rubber compounding without the presence of elemental sulfur (NS). This was a result of the shear thinning behavior of rubber compound in that the melt viscosity decreased with increasing shear rate due to the disentanglement and the enhanced mobility of polymer molecules. However, this was not the case for CV and EV systems where a more irregular surface or melt instability was observed with increasing shear rate. One of the reasons for the elastic turbulence at high shear rate could be attributed to the non-uniform slippage of the melt at the die wall [2] [3] . Furthermore, the onset of smooth surface of rubber extrudate using CV and EV systems were clearly evident at the shear rate of 1000 and 1250 s -1 , respectively. The explanation for this could be associated with the type of sulfur linkage occurred at the skin layer of rubber extrudate. In the CV system, where a high level of sulfur and a correspondingly low level of accelerator, provided high amount of polysulfidic crosslinks (S-S linkages) which had a lower bond dissociation energy (230 kJ/mol) as compared to mono-and disulfidic crosslinks (C-S-C linkages) obtained by EV system (314 kJ/mol) [12] . Therefore, it can be expected that the amount of energy generated by increasing shear rate (1000 s -1 ) for breaking the S-S bonds in order to obtain the steady-state flow or uniform slippage in the die (by increasing the mobility of rubber molecules) should be lower than that of C-S bonds (at shear rate of 1250 s -1 ).
Conclusions
In this work, the rate-controlled capillary rheometer was utilized to investigate the rheological properties of natural rubber compounds. Various parameters including shear rates and curing systems were presented. The results suggested that the rubber compounds exhibited a pseudoplastic non-Newtonian behavior in that the apparent viscosity dramatically decreased with the increase of shear rate. At a given shear rate, the viscosities of rubber compound utilizing CV and EV systems were lower than that of non-sulfur system, which probably attributed to the slippage of rubber compound during the flow in capillary die. The irregular surface of rubber extrudate was clearly evident at the beginning state and more severed with the increase of shear rate. Furthermore, the onset of smooth surface for rubber compound using CV and EV systems were observed, which could be associated with the amount of energy required for breaking the C-S and S-S bonds in order to obtain the uniform slippage during the flow in capillary die.
